INTRODUCTION
============

Calcium pyrophosphate (CPP) crystal is one of the calcium-containing crystals that can deposit in joint cartilage, ligament, tendon and soft tissue. CPP deposition disease typically presents with acute inflammatory monoarticular or oligoarticular arthritis and is termed as acute CPP crystal arthritis ([@B1]), which is referred to as pseudogout and is very similar to acute gout attack in its clinical manifestations, such as abrupt-onset but self-limited acute inflammation. However, there are some differences between the clinical features of acute CPP crystal arthritis and acute gouty arthritis ([@B2]). Acute gout involves small joints such as the first metatarsophalangeal joint and resolves within several days to 1 wk, whereas acute CPP crystal arthritis generally involves large joints such as knee and can persist for weeks or months ([@B3]).

Interaction of the crystals with inflammatory cells, including monocytes/macrophages, is involved in the development of acute inflammatory response. Monosodium urate (MSU) crystals, which are responsible for gouty arthritis, and CPP crystals induce synoviocytes and monocytes to secrete various proinflammatory cytokines, including IL-1β and TNF-α ([@B4]). Previously, we reported that monocytes/macrophages population during acute gout attack comprises different populations characterised by anti-inflammatory and proinflammatory features ([@B5]). However, immunophenotypic *ex vivo* analysis of monocytes/macrophages in patients with acute CPP crystal arthritis has not been yet been performed. Further, the differences in phenotypes of monocytes/macrophages between the two types of crystal arthritis are not addressed. We examined the immunophenotypic characteristics of synovial monocytes/macrophages from acute CPP crystal arthritis patients compared with acute gout patients.

MATERIALS AND METHODS
=====================

Study subjects and synovial fluid samples
-----------------------------------------

Synovial fluids were collected during acute attack from patients with acute CPP crystal (n=19) and acute gout (n=33) arthritis at a tertiary referral hospital in Seoul, South Korea. The diagnoses of gout and acute CPP crystal arthritis were confirmed by the presence of needle-shaped MSU crystals or CPP crystals, respectively, by polarising microscopy of the joint fluid. Some results included in gout patients were previously published ([@B5]). All patients provided written informed consent, and the Asan Medical Center Institutional Review Board approved the study protocol (No. 2016-0036).

Reagents and antibodies
-----------------------

Monoclonal antibodies were used for flow cytometric analysis. Anti-CD3 (UCHT-1), anti-CD19 (HIB19), anti-CD56 (B159), anti-CD14 (MφP9), anti-CD80 (L307.4), anti-IL-1β (AS10), anti-IL-8 (6217), and anti-TNF (Mab11) were obtained from BD Biosciences (San Jose, CA, USA); anti-CD88 (S5/1), anti-CD163 (GHI/61), anti-CD206 (15-2), anti-myeloid-related protein 14 (MRP14; MRP1H9), and anti-IL-10 (JES3-9D7) from Biolegend (San Diego, CA, USA); anti-CX3CR1 (2A9-1), anti-IL-1 receptor antagonist (CRM17), anti-25F9 (eBio25F9), anti-MRP8 (CF-145), and Fixable Viability Dye eFluor® 506 from eBioscience (San Diego, CA, USA); anti-C-C chemokine receptor type 2 (CCR2; REA264) and anti-proto-oncogene tyrosine-protein kinase MER (MERTK; 125518) from Miltenyi Biotec (Auburn, CA, USA) and R&D Systems (Minneapolis, MN, USA), respectively; CPP crystals and LPS from Invivogen (San Diego, CA, USA) and Sigma (St. Louis, MO, USA), respectively; and RPMI1640, penicillin-streptomycin and foetal bovine serum from Gibco Inc. (Grand Island, NY, USA).

Cell isolation and stimulation
------------------------------

Synovial fluid was aspirated from joints and immediately examined by polarizing microscopy for the presence of crystals. Synovial fluid mononuclear cells (SFMCs) were isolated using Ficoll-Paque™ Plus gradient centrifugation (GE Healthcare, Piscataway, NJ, USA). The cells were frozen for further analysis or stimulated with LPS (1 μg/ml) or CPP crystals (5 μg/ml) for 5 h at 37°C.

Flow cytometric analysis
------------------------

First, to exclude dead cells, SFMCs were stained with Fixable Viability Dye eFluor® 506 (eBioscience) for 30 min at 4°C. Then, the cells were stained with antibodies against surface markers or a matched isotype control for 30 min at 4°C. For staining intracellular cytokines, the cells were fixed, permeabilised (eBioscience) and stained for 30 min at room temperature. Flow cytometry was performed using a FACS Canto™ II instrument (BD Biosciences), and the data were analysed with FlowJo software (Tree Star, Ashland, OR, USA). Mean fluorescence intensity was determined after subtraction of non-specific binding signal using isotype control Ab.

Statistical analysis
--------------------

Statistical analyses were performed with Prism 5 (GraphPad Software, San Diego, CA, USA). Comparisons of cell frequencies between groups were performed by the Mann-Whitney test. Unpaired *t*-test was used to compare the expression levels of surface markers and intracellular cytokines, whereas paired *t*-test was used to compare IL-8-producing monocytes after stimulation with or without CPP crystals. Correlation was analyzed using Spearman\'s rank correlation coefficients. The p-values \<0.05, \<0.01, or \<0.001 were considered to indicate statistical significance.

RESULTS AND DISCUSSION
======================

CD14^+^ monocytes/macrophages in CPP crystal arthritis
------------------------------------------------------

In total, 19 patients with acute CPP crystal arthritis and 33 with acute gouty arthritis were included in this study. [Table 1](#T1){ref-type="table"} shows the clinical characteristics and laboratory findings for patients with acute CPP crystal arthritis and acute gouty arthritis. The mean age of the patients with acute CPP crystal arthritis was higher than that of patients with acute gouty arthritis (73.9±9.8 vs. 58.3±16.6; p\<0.001). Patients with acute CPP crystal arthritis were predominantly women compared to those with acute gouty arthritis. However, there was no significant difference in leukocyte counts in the joint fluid between the 2 groups ([Table 1](#T1){ref-type="table"}). Further, the difference among the frequencies of monocytes/macrophages in both group patients was examined. The population of monocytes/macrophages in SFMCs was identified by expression of CD14 but not of CD3, CD19, and CD56 ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). The monocytes/macrophages were dominant among SFMCs, and their frequencies were not significantly different between acute CPP crystal and acute gout arthritis ([Fig. 1A](#F1){ref-type="fig"}). The frequency of lymphocytes identified by the expression of CD3, CD19, or CD56 was similar in the two groups. Next, when we determined the expression of markers which are characteristic of infiltrated monocytes (CD88, CCR2, MRP8, and MRP14) or tissue-resident macrophages (MERTK and 25F9) in CD14^+^ monocytes/macrophages, these cells mainly expressed markers of infiltrated monocytes, such as CD88 (C5aR), CCR2, MRP8, and MRP14 ([Fig. 1B](#F1){ref-type="fig"}). The CCR2 expression was significantly higher, and CD88 expression was significantly lower in CD14^+^ cells of acute CPP crystal arthritis than in those of acute gout. There was no significant expression of tissue-resident macrophages markers, such as MERTK and 25F9, in the 2 groups ([Fig. 1C](#F1){ref-type="fig"}). These data suggest that CD14^+^ monocytes/macrophages in the synovial fluid of acute CPP crystal arthritis have the phenotype of infiltrating monocytes from the peripheral blood and that they comparatively showed different characteristics in their expression of migration-related receptors compared with those from patients with acute gouty arthritis.

###### Clinical characteristics of patients with acute CPP crystal arthritis and acute gouty arthritis

![](in-19-e21-i001)

  Characteristics               CPPD (n=19)                        Gout (n=33)       p-value           
  ----------------------------- ---------------------------------- ----------------- ----------------- -------
  Age (yr)                      73.9±9.8                           58.3±16.6         \<0.001           
  Sex (male)                    6 (31.6)                           32 (97.0)         \<0.001           
  CRP \[mg/dl, median (IQR)\]   12.2 (1.7)                         10.4 (1.5)        0.434             
  Uric acid (mg/dl)             4.6±2.2                            7.2±2.5           \<0.001           
  Joint fluid analysis                                                                                 
                                WBC (/µl)                          24,246±15,503     39,641±49,763     0.197
                                Neutrophil \[/µl, median (IQR)\]   21,263 (14,615)   35,268 (42,006)   0.168

Data are shown as mean±SD or number (%).

CPPD, CPP deposition; CRP, C-reactive protein; IQR, interquartile range; WBC, white blood cells.

![Monocytes/macrophages population in synovial fluid of patients with acute CPP crystal and acute gouty arthritis. (A) The frequencies of monocytes/macrophages (left) and lymphocytes (right) in SFMCs of patients with acute CPP crystal arthritis (n=19) were compared with those of patients with gouty arthritis (n=33). (B, C) In the gating of CD14^+^CD3^-^CD19^−^CD56^−^ cells, the marker expressions of infiltrated monocytes (B) and tissue-resident macrophages (C) was determined and compared between patients with acute CPP crystal arthritis (n=19) and acute gouty arthritis (n=26). Representative flow cytometry plots are presented.\
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Proinflammatory properties in monocytes/macrophages from synovial fluid of CPP crystal arthritis
------------------------------------------------------------------------------------------------

To evaluate the functional characteristics of the CD14^+^ cells during acute CPP crystal arthritis, we examined the expression of markers of proinflammatory (M1) and anti-inflammatory (M2) macrophages. There was no significant difference in the CD206 and CD80 expressions between the 2 groups ([Fig. 2A](#F2){ref-type="fig"}). However, CD14^+^ cells in CPP crystal arthritis had significantly lower levels of CD163, one of the markers for alternatively activated macrophages (M2) than did the CD14^+^ cells in acute gout. Then, we examined proinflammatory and anti-inflammatory cytokine production in the CD14^+^ cells after stimulation with or without LPS ([Figs. 2B and C](#F2){ref-type="fig"}). There were no significant differences in the levels of proinflammatory cytokines (TNF-α and IL-1β) between the groups ([Fig. 2B](#F2){ref-type="fig"}). Conversely, IL-10 production was increased after LPS stimulation, but its levels were significantly lower in monocytes/macrophages from patients with acute CPP crystal arthritis ([Fig. 2C](#F2){ref-type="fig"}). These data suggest that synovial monocytes/macrophages in CPP crystal arthritis patients exhibit a more dominant proinflammatory phenotype than those in gout patients.

![Pro- and anti-inflammatory phenotypes of CD14^+^ monocytes/macrophages in synovial cells. (A) CD206 (n=19 for CPP; n=30 for gout) and CD163 (n=19 for CPP; n=30 for gout) and CD80 (n=18 for CPP; n=19 for gout) were analysed from monocytes of patients with acute CPP crystal arthritis and acute gout. (B, C) Within the gate of CD14^+^CD3^-^CD19^-^CD56^-^ cells, TNF-α and IL-1β (B) and IL-10 and IL-1Ra (C) were analysed after stimulation with/without LPS. The percentages of cytokine-producing cells from patients with acute CPP crystal arthritis (n=19) were compared with those from patients with acute gout (n=25).\
IL-1Ra, IL-1 receptor antagonist.\
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CPP crystal-induced IL-8 may induce recruitment of neutrophils to inflamed synovium
-----------------------------------------------------------------------------------

Finally, the production of IL-6 and IL-8 (important factors for neutrophil migration) was examined ([Fig. 3](#F3){ref-type="fig"}). We found IL-8 expression in the CD14^+^ cells from patients with acute CPP crystal arthritis. After stimulation with CPP crystals, the CD14^+^ cells from acute CPP crystal arthritis patients produced more significant amounts of IL-8 but not of IL-6 ([Figs. 3A and B](#F3){ref-type="fig"}). To investigate the role of IL-8 in neutrophil infiltration during acute CPP crystal arthritis, the correlation between the frequency of IL-8-producing CD14^+^ cells and the number of infiltrated neutrophils in the synovial fluid were analysed. We found a positive correlation between them, although statistical significance was not reached ([Fig. 3C](#F3){ref-type="fig"}). Collectively, these data suggest that IL-8 from infiltrated monocytes induces neutrophil migration into the joints of CPP crystal arthritis patients.

![Correlation between the frequencies of neutrophils and IL-8-producing synovial monocytes. (A, B) In the gate of CD14^+^CD3^−^CD19^−^CD56^−^ cells from patients with acute CPP crystal arthritis, the production of IL-8 and IL-6 was analysed following stimulation with or without CPP crystals. (A) Representative flow cytometry plots are presented. (B) The frequencies of IL-8- and IL-6-producing monocytes were compared before and after stimulation with CPP crystals. (C) The correlation between the infiltrated neutrophil number and IL-8^+^ monocytes/macrophages frequency in synovial fluid from patients with acute CPP crystal arthritis was analysed.\
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In this study, the frequency of CD14^+^ cells in acute CPP crystal arthritis was similar to that in acute gouty arthritis. This population of monocytes/macrophages showed the phenotype of infiltrating monocytes. The CD14^+^ cells from patients with acute CPP crystal arthritis had characterized by more pronounced inflammatory nature, as shown by the similar high levels of IL-1β and TNF-α production but significantly lower expression of IL-10 and CD163 compared with those from patients with acute gouty arthritis. The frequency of CD14^+^ cells expressing the neutrophil chemotactic factor IL-8 was correlated with neutrophil infiltration in the synovial fluid, and the IL-8 production was significantly induced by stimulation with CPP crystals.

Monocytes/macrophages are among the major responding cells in crystal-associated inflammation. MSU and CPP crystals stimulated the NLR family pyrin domain containing 3 inflammasome complex, leading to secretion of IL-1β and IL-18 from human monocytes/macrophages ([@B6]). In a MSU crystal-induced inflammation model, peritoneal macrophages play an important role in initiating neutrophilic inflammation by producing IL-1β and TNF-α ([@B7]). Previously, we reported that the frequency of CD14^+^CD3^−^CD19^−^CD56^−^ cells was increased in the joints of patients with gout. These monocytes/macrophages exhibit proinflammatory phenotype and cause anti-inflammatory activity, such as IL-10 production and high expression of CD163, a marker of alternative activation of macrophages (M2) ([@B5]). However, we observed that the CD14^+^ cells from acute CPP crystal arthritis patients were more skewed towards proinflammatory as evidenced by similar significant increases in TNF-α and IL-1β but lower increases in IL-10 compared with those from acute gout patients ([Fig. 2](#F2){ref-type="fig"}). Further, CD163 expression was significantly lower in synovial fluid monocytes/macrophages of patients with acute CPP crystal arthritis. Thus, these ﬁndings lead to hypothesize that more pronounced inflammatory nature of CPP crystal arthritis contributes to the longer duration of symptoms of acute attack in pseudogout than in gout.

The recruitment of circulating monocytes into inflamed tissue plays an important role in the pathogenesis of a range of inflammatory disorders ([@B8]). Our findings showed that CD14^+^ cells had significant expression of CD88, CCR2, MRP8, and MRP14 but low expression of MERTK and 25F9. These results indicate that these cells during acute CPP crystal arthritis mainly exhibit phenotypes that resemble those of infiltrated monocytes rather than tissue-resident macrophages. However, chemokine receptors showed higher expression of CCR2 but lower expression of CD88 in acute CPP crystal arthritis than in gout ([Fig. 1B](#F1){ref-type="fig"}). Further studies are required to determine whether the mechanisms of monocyte migration during acute attack differ between pseudogout and gout.

A rapid and robust infiltration of neutrophils into the joint is a central feature during crystal-related arthropathy ([@B9]). MSU and CPP crystals directly stimulate human monocytes to induce IL-6 or IL-8 which are key factors involved in neutrophil migration ([@B10][@B11]). In the present study, we directly examined IL-8 production from synovial fluid monocytes/macrophages *ex vivo* during acute CPP crystal arthritis. A significant induction of IL-8 was detected after stimulation of synovial CD14^+^ cells with CPP crystals in patients with acute CPP crystal arthritis ([Fig. 3B](#F3){ref-type="fig"}). Furthermore, we found that the frequency of IL-8 producing CD14^+^ cells was correlated with the number of infiltrated neutrophils in synovial fluid ([Fig. 3C](#F3){ref-type="fig"}). However, the IL-6 production was not significantly induced after stimulation with CPP crystals. These findings suggest that IL-8, but not IL-6, derived from monocytes are responsible for neutrophilic inflammation in acute CPP crystal arthritis.

It will be interesting to determine whether the phenotypes of monocytes/macrophages are related to clinical characteristics, including resolution of acute CPP crystal arthritis. However, 14 (73.7%) of 19 patients with acute attacks received intra-articular corticosteroid injections to manage the symptoms. Thus, we could not address the differences in clinical characteristics according to differences in phenotypes of monocytes/macrophages with our study subjects because the majority of patients had dramatic improvement in their manifestations. Further studies addressing the relation between characteristics of monocytes/macrophages and clinical manifestations are warranted.

In conclusion, our study demonstrated that CD14^+^CD3^−^CD19^−^CD56^−^ monocytes/macrophages in synovial fluid of patients with acute CPP crystal arthritis showed the phenotypes of infiltrated monocytes. These cells exhibited proinflammatory features, including production of TNF-α and IL-1β and expression of M1 marker. In addition, CD14^+^ cells had the capacity to induce IL-8 production in response to CPP crystals. Collectively, these results demonstrate that monocytes/macrophages in acute CPP crystal arthritis have a range of proinflammatory activity, including IL-8 secretion, possibly contributing to the robust and relatively sustained episodes of acute CPP crystal arthritis.
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SUPPLEMENTARY MATERIAL
======================

###### Supplementary Figure 1

Identification of monocytes/macrophages in patients. The gating strategy of monocytes/macrophages from SFMCs in flow cytometric analysis is presented.
